The principal rainband in tropical cyclones is currently depicted as a solitary and continuous precipitation region. However, the airborne radar observations of the principal rainband in Typhoon Hagupit (2008) reveal multiple subrainband structures. These subbands possess many characteristics of the squall lines with trailing stratiform in the midlatitudes and are different from those documented in previous principal rainband studies. The updraft and reflectivity cores are upright and elevated. The updraft is fed by a low-level radial outflow from the inner side. The tangential wind speed shows a clear midlevel jet on the inner side of the reflectivity core. Except for the structural similarities, the dynamics of the subbands is also similar to the squall lines. The local environment near the subbands shows little convective inhibition, modest instability, and vertical wind shear. The temperature retrieval shows a cold pool structure in the stratiform precipitation region. The estimated vertical wind shear induced by the cold pool is close to that of the local environment. The structural and dynamic similarities to the squall lines imply that the variation of principal rainbands is subjected to convective-scale dynamics related to the local environment in addition to storm-scale dynamics. The subbands show positive impacts to the vortex intensity in terms of potential vorticity redistribution and absolute angular momentum advection. The positive impacts are closely related to specific structural characteristics of the subbands, which suggests the importance of understanding the convective-scale structure and dynamics of the principal rainband.
Introduction
Understanding and predicting tropical cyclone (TC) intensity change has been a long-standing challenge in TC research. Factors related to TC intensity change include both environmental conditions and internal dynamics. TC internal dynamics are manifested in various TC structures and their evolutions, and understanding the latter is a pathway to understanding the former (Houze et al. 2006) . TC structures comprise three main components: the eye, the eyewall, and the rainbands. Among these components, TC rainbands (TCRs) are the least understood because of their greater variations and infrequent sampling by weather radars. Existing observations and numerical simulations of TCs have yet to provide a comprehensive understanding of the full spectrum of TCRs. The role of TCRs in modulating TC intensity and their interactions with the eyewall are still open questions.
Radar and satellite observations have shown that TCRs are either stationary or moving with respect to the vortex center. A group of stationary TCRs, including the principal rainband, the secondary rainbands, and the connecting rainband, appears to maintain a fixed position relative to the vortex center and is therefore termed a stationary band complex (SBC; Willoughby et al. 1984) . The principal rainband is a prominent member of SBC and is the most studied type of TCR (Barnes et al. 1983; Powell 1990a,b; May 1996; Hence and Houze 2008; Didlake and Houze 2009, 2013a,b; Tang et al. 2014) . It has been shown that the principal rainband has the most active and frequent convection, compared to other types of TCRs (Willoughby et al. 1984; Houze 2010) . Despite the prevalence of active convection, the conceptual model of SBC [Fig. 18 in Willoughby et al. (1984) ] based on temporally averaged radar reflectivity only shows broader mesoscale structures. The principal rainband is historically depicted as a solitary and continuous precipitation band without convective-scale details. Partly because of the infrequent sampling and incomplete knowledge of the convective-scale details, the probable cause of principal rainbands has not yet been established (Houze 2010) . Previously proposed theories (Willoughby et al. 1984; Riemer 2016 ) mainly focus on explaining the broader mesoscale features of the principal rainband by investigating the interaction of different dynamic and thermodynamic variables between the vortex core and the environment. Nevertheless, the convective-scale structure and dynamic characteristics of principal rainbands have yet to be understood (Riemer 2016) .
The convective-scale structure is crucial for the understanding of not only the formation but also the dynamic role of principal rainbands because convection is the primary mechanism by which TCRs impact the local circulation. Previous studies have shown that the downdrafts associated with strong convection in TCRs are able to modify the subcloud layer (Barnes et al. 1983 ) and trigger new convection at the upwind end (Didlake and Houze 2009) . The low-level supergradient jet of rainband convective cells could enhance the radial outflow above the boundary layer and create a circulation similar to the secondary eyewall (Didlake and Houze 2013a ). The updraft is effective in redistributing mass and PV that may lead to the formation of a midlevel jet (Hence and Houze 2008) or secondary eyewall (Judt and Chen 2010) . The stratiform precipitation associated with convection is able to generate substantial wind maxima within a couple of hours (May and Holland 1999; Franklin et al. 2006) . Because of the prevalence of active and frequent convection, the principal rainband may play a more important role in the structure and intensity change of TCs, compared to other types of TCRs (e.g., secondary rainbands and distant rainbands).
Recent studies using high-resolution airborne radar observations (Hence and Houze 2008; Didlake and Houze 2009, 2013a,b; Tang et al. 2014 ) have provided insights on the convective-scale structures of the principal rainband. As shown in the updated conceptual model of SBCs ( Fig. 1a ; Houze 2010), individual convective cells are embedded along the inner edge of the principal rainband and show characteristic intensity variations. The convective cells at the upwind end are in their developing stage, while the cells at the downwind end are decaying into a region of stratiform precipitation. In the middle portion, the cells reach their mature stage and display characteristic updraft and downdraft features, as shown in Fig. 1b . It is noted that the principal rainband in this updated conceptual model is still a solitary and continuous precipitation band directly composed of individual cells. Nevertheless, previous studies (May 1996; Hence and Houze 2008) have suggested that there might be different organizational modes of convection in the principal rainband. May (1996) showed that the principal rainband in TC Laurence (1990) appears to be organized at two distinct scales. Ground-based radar images show repetitive convective lines (subbands) formed at regular intervals within the principal rainband. Deep and active convection was confined to these subbands and formed a barrier to the radial inflow. Hence and Houze (2008) also   FIG. 1. (a) The updated conceptual model of SBC and (b) the corresponding vertical structure of a principal rainband. [Adopted from Houze (2010) and Hence and Houze (2012).] noticed a similar subband structure in the principal rainband of Hurricane Katrina (2005) . The existence of the subband structure in different principal rainbands suggests that it may be an intrinsic mode of convective organization of principal rainbands and is supported by certain convective-scale dynamics, in addition to those proposed for the entire principal rainband (Willoughby et al. 1984; Riemer 2016) . Because of the limited observations available in previous studies, the detailed structure, origin, and dynamic implication of such subbands are yet to be revealed. In this paper, the subband structure within the principal rainband of Typhoon Hagupit (2008) is documented using the high-resolution National Science Foundation (NSF)-National Center for Atmospheric Research (NCAR) Electra Doppler Radar (ELDORA; Hildebrand et al. 1994 ) on board a U.S. Naval Research Laboratory (NRL) P-3 aircraft. The ELDORA repeatedly observed the most convectively active region of the principal rainband of Hagupit, possessing multiple distinct subbands in the radar reflectivity field. Two of these subbands were sequentially observed twice, about 1 h apart, by ELDORA. Tang et al. (2014) documented the structure and dynamics of one convective segment that contains multiple intense and upright convective cells with maximum vertical velocity .30 m s
21
. The multiple aircraft passes and dual-Doppler radar analyses provided a unique opportunity to investigate the detailed structure, origin, and dynamic impact of these subbands in the principal rainband of Hagupit. The rest of this paper is organized as follows. Section 2 gives a brief introduction of data and methods used in this study. Section 3 shows the structure, environmental characteristics, and origin of the subbands. Section 4 discusses the possible dynamic impact of the observed subbands. A summary and discussion are given in section 5.
Data and methodology
The high-resolution airborne dual-Doppler radar observations targeting the principal rainband of Typhoon Hagupit (2008) were collected during The Observing System Research and Predictability Experiment (THORPEX) Pacific Asian Regional Campaign (T-PARC) and Tropical Cyclone Structure 2008 (TCS-08) experiment (Elsberry and Harr 2008) . A detailed description of Typhoon Hagupit (2008) during this field campaign can be found in Bell and Montgomery (2010) and Tang et al. (2014) . During the time of the aircraft mission, Typhoon Hagupit had a maximum wind radius of ;60 km and a maximum surface wind speed of ;46 m s 21 . The flight track of the NRL P-3 between 0010 and 0510 UTC 22 September 2008 superimposed on the composite ELDORA reflectivity at 3-km altitude is portrayed in Fig. 2 . A notable feature of the aircraft observation in this mission is that instead of trying to survey the entire TC innercore structure by using a ''4'' flight pattern (Marks and Houze 1984; Hence and Houze 2008) , the NRL P-3 focused on the intense convection in the principal rainband by flying parallel to it. The quality control, preprocessing, retrieval, and postprocessing procedures applied to the airborne radar observations are identical to those used in Tang et al. (2014) . The ELDORA data were corrected for navigation errors (Testud et al. 1995; Bosart et al. 2002) and were processed via automated scripts to remove nonmeteorological artifacts, followed by interactive editing to clean up remaining artifacts using the NCAR Soloii software (Bell et al. 2013) . Variational wind (Gamache 1997 ) and thermodynamic (Roux et al. 1993 ) retrievals were performed in a Cartesian grid with a 0.5-km resolution in both horizontal and vertical directions. The resulting three-dimensional wind, reflectivity, and thermodynamic fields in the Cartesian grid are interpolated into a storm-centered cylindrical coordinate system. The storm center and motion are determined using the Joint Typhoon Warning Center (JTWC) best track data. Typhoon Hagupit headed steadily in a north-northwest direction toward 3308 at ;6.8 m s 21 during the flight mission.
FIG. 2.
The composite reflectivity at 3-km altitude during 0010-0510 UTC, observed by ELDORA, overlaid on the visible satellite image at 0245 UTC. The two circles represent the radius and 3 times the radius of the maximum surface wind at 0000 UTC. The white dotted line shows the flight track of the NRL P-3 starting from the upper-right corner. The gray, blue, and green lines show the axis of the convective lines, and the blue and green lines are analyzed in this study. The white arrow shows the direction of storm-scale vertical wind shear at 0000 UTC.
Structure and origin of subband a. Structure characteristics of subband
The composite ELDORA reflectivity of the principal rainband at 3-km altitude over the 5-h period (Fig. 2) shows that the strong and isolated reflectivity (i.e., active convection) is organized into multiple subbands. The subbands are also evident in the visible channel satellite images (Fig. 3) from Multifunctional Transport Satellite-1R (MTSAT-1R), where thick clouds with albedo $0.8 are color enhanced to highlight the intense convection. It is noted that there are inner rainbands radially inside the subbands observed by ELDORA (e.g., the left panel). These inner rainbands will not impact the following analysis because they are mostly beyond the maximum observation range (70 km) of ELDORA. Despite the apparent existence of multiple subbands revealed by EL-DORA and MTSAT-1R, the microwave satellite image shows only a solitary, continuous rainband that fits various descriptions of a principal rainband [see Fig. 4c in Tang et al. (2014) ]. There are a total of eight identifiable segments in Fig. 2 , and four of them were used in this study. It is noted that some of the segments are actually the same subband observed at different times as Hagupit's center moved ;120 km toward 3308 during the 5-h on-station time of the NRL P-3. These outward-moving convective subbands appear to reach maximum intensity at a preferred radius belt, where the optimal state of convection is more likely to be achieved (Tang et al. 2014) , and then dissipate as they exit this belt.
Four quasi-straight segments (representing two subbands) in the aircraft mission are illustrated by the composite reflectivity fields at 3-km altitude superimposed on the visible satellite images individually (Fig. 4) . It is clear that each segment possessed similar linear convective structures. The characteristic length and width of these segments are ;140 and 20 km, respectively, which are comparable with those documented in May (1996) . However, the length and width of the entire principal rainband shown by the microwave satellite image ( Fig. 3d ; Tang et al. 2014) are $350 and $50 km, respectively. These subbands seem to be long lived (at least $1 h) and are clearly identifiable in the reflectivity composite (Fig. 2) . Both the ELDORA reflectivity composite (Fig. 4 ) and the visible satellite images (Fig. 3) indicate that the subbands move downwind azimuthally and outward radially.
The 1-h interval between sampling different segments is not suitable to track the life cycle of individual convective cells, but it is adequate to investigate the variation/evolution of the structures of individual subbands. In the updated conceptual model (Fig. 1a) , the convection in the principal rainband tends to be more intense in the upwind direction and weaker in the downwind direction. For the purpose of discussion, the four segments in Fig. 4 are labeled as CL1-CL4, according to their azimuthal locations from upwind to downwind relative to Hagupit's center rather than chronologically. It is noted that CL1, CL2 and CL3, CL4 are two subbands observed at different times. These subbands will be investigated by their averaged convective structure, which is constructed by FIG. 3 . Visible satellite images from MTSAT-1R during the aircraft mission. Albedo $ 0.8 is color enhanced to highlight the intense convection. The dashed circle represents 3 times the radius of maximum surface wind at 0000 UTC. The white lines are the flight tracks of ELDORA 630 min around the satellite observation time.
averaging multiple (with an azimuthal interval of 18) radial cross sections along the subband. A convectivestratiform separation algorithm (Didlake and Houze 2009 ) is first applied to find the boundary of the convective region of each segment. Each radial cross section then extends 25 km outward and 35 km inward from the center of the convective region. Figure 5 shows the along-band averaged vertical velocity of each segment superimposed on the reflectivity field. The updrafts and downdrafts are averaged separately to avoid canceling each other out (Didlake and Houze 2009) . Segments observed at different times possess similar and coherent average structures, indicating a nontransient nature of these subbands. The main updrafts and downdrafts correspond well with the reflectivity cores. The updraft cores in CL1 and CL2 show a displacement between the upper and lower levels, with the upper core (above 5-km altitude) on the inner side of the lower core (below 5-km altitude). There are two branches of downdraft. The weaker branch is outside of the updraft core at the upper level (above 10 km). The stronger branch is located in the inner side of the updraft core below ;10-km altitude. Although the general downdraft structures resemble those documented in Didlake and Houze (2009) , the radial positions of the upper and lower downdrafts relative to the reflectivity core are different.
1) VERTICAL VELOCITY
The updraft cores in the four segments are all elevated, indicating the existence of intense convection. The intensity of convection is comparable in CL1 and CL2, but it is stronger in CL3 than in CL4 in terms of the magnitude and height of the updraft core. When different subbands are compared, the second subband (CL3 and CL4) is weaker than the first one (CL1 and CL2). Fig. 2 , but for each quasi-straight flight leg. The white boxes show the region of dual-Doppler wind retrieval for each flight leg. The red stars show the locations of four dropsondes deployed by the NRL P-3.
FIG. 4. As in
The intensity of convection can be also estimated by the standard deviations (SDs) of the reflectivity field because the precipitation associated with intense convection is more inhomogeneous (Hence and Houze 2012) . Figure 6 shows that the subbands possess an SD maximum at ;5-km altitude near the melting layer. Above this level, the SD decreases rapidly, which reflects microphysical regimes dominated by ice processes (Hence and Houze 2012) . The first subband (CL1 and CL2) has greater SD values compared to the second subband (CL3 and CL4) over the entire vertical extent, which is consistent with the relative intensity of convection derived by vertical velocity. The statistical distribution of the vertical velocity is compared with those of previous studies (Lucas et al. 1994; May and Rajopadhyaya 1999) on tropical convective systems. As shown in May and Rajopadhyaya (1999) , the mean and strongest 10% vertical velocities in different tropical convective systems are similar but significantly weaker than those over land. , respectively. These values are significantly stronger than those in previously documented TCRs. The peaks of the strongest 10% updraft are found at ;8 km in CL2 and CL3, which is consistent with the dual-Dopplerretrieved wind profile in Collis et al. (2013) . Figure 8 shows the along-band averaged secondary circulation (radial and vertical winds) of each segment. The secondary circulation shares similar structures at different times. The main updraft is rooted on the low-level convergent zone mainly fed from the back (stratiform precipitation region) of the subband. This branch of radial outflow (which is inflow relative to the subband convection) may act as a partial barrier to the storm-scale inflow toward the eyewall and reduce the heat and moisture exchange between the vortex and ocean (Barnes et al. 1983; Powell 1990b) . There is another branch of weaker, low-level inflow within 10 km outside the center of the convective region in CL1, CL3, and CL4. The apparent outflow outside 10 km of the center is likely affected by the boundary condition and the observation angle. The updraft splits into two branches at ;8-km altitude. One branch veers toward the TC center, while the other branch continues to flow upward and turns outward at the upper levels. The structural features (e.g., the strong convection with trailing stratiform precipitation, FIG. 6 the low-level descending outflow, and the midlevel inflow) resemble those of a typical midlatitude squall line (Houze et al. 1989 ) with trailing stratiform (TS) precipitation (Parker and Johnson 2000) . The strong outflow at the upper levels, which is likely not part of the subband circulation but rather a storm-scale feature, is the main difference from the midlatitude squall lines. The squallline-like flow field characteristics have been pointed out in Tang et al. (2014) . The fact that all four segments show similar structures suggests that such characteristics are robust within Hagupit's principal rainband. It is noted that individual cross sections may not have all the flow features shown in Fig. 8 because convection is essentially three dimensional.
2) CROSS-BAND SECONDARY CIRCULATION
3) TANGENTIAL WIND Figure 9 shows the along-band averaged tangential wind speed (only contours $24 m s 21 are shown) of each segment. The local tangential wind maximum (i.e., jet) is located on the inner side of the reflectivity core. This configuration is distinct from that depicted in the updated conceptual model (Fig. 1b) , where the midlevel jet is on the outer side of the reflectivity core (e.g., Barnes and Stossmeister 1986; Ryan et al. 1992; Samsury and Zipser 1995) . Except for the different position relative to the reflectivity core, there is a branch of the jet extending to the lower levels. The intensity of the lowerlevel branch decreases from the first subband (CL1 and CL2) to the second one (CL3 and CL4), while the intensity of the midlevel branch increases from the first subband (CL1 and CL2) to the second one (CL3 and CL4). It is noted that because the four segments actually represent two subbands, the differences of the jet structure between segments can be attributed to the temporal evolution of individual subbands and to the band-to-band structural variation. Though the radial position of the jet relative to the reflectivity core is apparently different than the conceptual model of principal rainbands constructed from previous case studies, the differences can be explained by the same dynamics. Recent numerical studies (Franklin et al. 2006; Moon and Nolan 2010; Li and Wang 2012) have shown that the acceleration of tangential wind in a TC-like vortex is the direct result of rainband heating. The convective heating is able to accelerate tangential wind at the lower and upper levels, while the stratiform heating accelerates the tangential wind at the midlevels. The midlevel branch of the jet is on the same (inner) side of the reflectivity core as the stratiform precipitation, and the different intensities of the midlevel branch are probably related to the variations of the stratiform precipitation in different segments. Similarly, the lower-level branch of the jet can be attributed to the existence of active convection in the subbands. The intensity variations of the lower-level branch are consistent with those of the convection in different segments, as discussed in Figs. 5 and 6. It is noted that though the jet structure is consistent with different rainband heating in the above analyses, other dynamic effects (e.g., vertical advection of the tangential wind) of intense convection in TCRs could also lead to the similar structural variations of the jet (Didlake and Houze 2013a).
4) STRUCTURE VARIATION WITHIN SUBBANDS
The updated conceptual model in Fig. 1a shows developing convective cells at the upwind end of the principal rainband and decaying cells at the downwind end. It is worth noting that the four segments (CL1-CL4) are sequentially distributed along the downwind direction, while CL3 and CL4 are radially outward from CL1 and CL2 (Fig. 4) . The intensity variation of these subbands in terms of their averaged structure is, in general, consistent with that of individual cells in the updated conceptual model. Because the subband itself is composed of convective cells and has a similar orientation to the principal rainband, it is interesting to investigate the intensity variation of cells within the subbands. Figure 10 shows the vertical velocity of the four segments at 10-km altitude overlaid on the reflectivity at 3-km altitude. There are intense updraft cores clustered in the downwind half of CL1, while strong updrafts are found at the upwind end of CL2. The overall updraft intensity is much weaker in CL3 and CL4 at the same altitude. There are a few strong updraft cores at the upwind end of CL3, but no significant updraft in the same region in CL4. In summary, the intensity of cells within individual subbands generally does not show the preference of stronger convection at the upwind direction and weaker convection at the downwind direction, despite that the averaged subband structure does.
b. Environmental conditions and origin of subband
Previous studies have shown that the storm-scale lower-level convergence (Willoughby et al. 1984 ) and vertical wind shear (VWS; Corbosiero and Molinari 2002; Hence and Houze 2012) are closely related to the distribution of convection in TCs. Convection is favored in the storm-scale convergent zone and the downshear right quadrant. Figure 11 shows the low-level (1000 hPa) divergence field using the ECMWF Year of Tropical Convection (YOTC) dataset (Waliser et al. 2012 ). This dataset has been widely used to study TCs and tropical convective systems (e.g., Yu and Cheng 2013; Xavier et al. 2015) . The TC center, radius of maximum wind (RMW), and 3 times the RMW are shown as the black cross and circles. The vortex center is determined by a simplex algorithm that maximizes the axisymmetric tangential wind (Lee and Marks 2000; Bell et al. 2012) . Figure 11 indicates that the location of the subbands only shows weak convergence. This is consistent with Riemer's (2016) result that the correspondence with the storm-scale convergence is not a critical factor for the existence of the principal rainband. The white arrow in Fig. 2 shows the environmental VWS calculated between 850 and 200 hPa (Didlake and Houze 2009 ). The location of the subbands is indeed on the downshear right quadrant, which is consistent with the statistical results shown in Hence and Houze (2012 azimuthal distribution of convection is significant (Corbosiero and Molinari 2002) . The storm-scale dynamic factors are favorable for the development of convection in the approximate region of the subbands. However, they are not sufficient to explain the origin of the subbands because their horizontal scales are much larger than those of individual subbands. Willoughby (1977) postulated that inertialgravity waves generated near the eyewall may be responsible for the origin of TCRs. However, the horizontal wavelengths of the simulated TCRs are too short to match observed TCRs. May (1996) noticed that the spacing of the simulated TCRs is close to that of the observed convective lines (subbands) in TC Laurence (1990) . A simple analysis suggests that inertial-gravity waves are supported by the storm, and the characteristics of its second internal mode are consistent with the observed convective lines. Because the subbands in this study resemble the convective lines in May (1996) , a similar wave analysis is conducted. The storm-relative moving speed of the subbands is ;3 m s 21 outward and . The horizontal wavelength l x of the subbands is estimated to be ;50 km, based on the left panel in Fig. 3 . The Brunt-Väisälä frequency N is estimated to be ;0.01 s
21
, based on the DOTSTAR dropsonde [ Fig. 10 in Tang et al. (2014) ]. According to May (1996) , the estimated phase speed is 
where n is the nth mode of the inertial-gravity wave, and the number 16 is the estimated depth (km) of the troposphere. The phase speed of the first internal mode (n 5 1) given by (1) 
which suggests that the n 5 1 mode is a possible solution.
Because of the moving nature of the airborne radar, it is not feasible to further estimate and verify the period of the subbands. Nevertheless, the above analyses suggest that the inertial-gravity wave is a possible mechanism to explain the origin of the subbands. High-resolution numerical studies are still required to verify this hypothesis. Although the inertial-gravity wave is a possible mechanism for the origin of the subbands, the subsequent development of the subbands is determined by their interaction with the environment. The structural resemblance to TS squall lines suggests that the subbands may exist in a similar environment to that of TS squall lines and are controlled by similar dynamics. According to Parker and Johnson (2000) , the TS squall lines are commonly associated with more unstable local environments. Figure 12 shows the skew T-logp diagrams of four dropsondes outside the subbands (the locations are marked by the red stars in Fig. 4 ). These dropsondes were released from 3-km altitude (;700 hPa) by the NRL P-3. The upper part of the profiles in Fig. 12 is extended by a DOTSTAR dropsonde, assuming the upper atmosphere is less variable than the lower levels. The convective available potential energy (CAPE) values of these profiles are 1827, 1451, 2056, and 1771 J kg 21 , respectively, which are considerably larger than those in other principal rainbands (e.g., May 1996) . Except for the large CAPE values, the environment is also conducive to the initialization of convection with little convective inhibition (CIN) of 3.9, 6.0, 0.1, and 0.2 J kg 21 , respectively. These small CIN values support the inertial-gravity wave hypothesis because it takes less effort for a wave to trigger convection. The weaker downdrafts shown in Fig. 5 Fig. 12 indicates the impact of downdrafts associated with active convection, which could enhance the low-level cold pool. The prominent structure and dynamics associated with the TS squall lines are the convectively generated cool pool and its interaction with the local VWS. Tang et al. (2014) conjectured that the convective line in the principal rainband of Hagupit was supported by the balance between the cold pool and local VWS. Figure 13 further shows the along-band averaged virtual cloud temperature perturbation of the four segments. There is a persistent negative perturbation (cold pool) at the lower levels (below 4 km) on the inner side of the reflectivity core in all four segments. The location of the cold pool corresponds well to that of the stratiform precipitation, which suggests that the cold pool likely resulted from the evaporative cooling of the stratiform precipitation. The intensity and structure of the cold pools vary among the segments. The temperature difference below 3-km altitude is estimated to be ;3, 1, 3, and 4 K for each subband. The different cold pool strengths may have impacts on the propagation speed and the maintenance of the subbands (Rotunno et al. 1988; Corfidi 2003) . The equivalent VWS associated with the cold pools is estimated to be ;17, 10, 17, and 20 m s 21 , respectively. Compared to the NRL P-3 dropsondes (Fig. 12) , the equivalent VWS is close to the observed VWS in the local environment. Despite the uncertainties in the retrieval of the temperature perturbation and the determination of the parameters of the cold pool, the quasi balance between the cold pool and local VWS in all four segments indicates that it is probably a robust dynamic characteristic associated with the subbands. The existence of the quasi-balanced state and the structural similarities to midlatitude TS squall lines strongly suggest that the cold pool dynamics proposed in Tang et al. (2014) controls the structural variations of the subbands.
Possible dynamic impact of subband
The similarity of structure, local environment, and dynamics portrayed in the last section suggests that the organization of convective cells into subbands is a robust feature of the principal rainband of Hagupit. Previous studies have suggested that diabatic heating (May and Holland 1999; Hence and Houze 2008) and secondary circulations (Barnes et al. 1983) in convective cells are possible mechanisms through which the TCR interacts with the vortex. Considering the prevalence of intense convection in the subbands, it is worthwhile to explore their impacts on the vortex. Limited by the available variables of the airborne radar observation, the possible impacts of the subbands are assessed by the vertical mass flux (VMF) and advection of absolute angular momentum (AAM).
a. Vertical mass flux
TCs are commonly conceptualized as regions of high potential vorticity (PV; Guinn and Schubert 1993). The variation of structure and intensity of a TC can be understood by its PV distribution. The total derivative of PV (Raymond and Jiang 1990) can be written as
where q is the potential vorticity, r is the air density, z a is the absolute vorticity, H is the time rate of potential temperature u, and F is the other forces (e.g., friction) applied per unit mass. Except for the layer close to the surface, the change of PV in a TC mainly results from the diabatic heating of convective and stratiform precipitation. Because of the intense convection in the subbands of Hagupit's principal rainband, stratiform precipitation behind the convection is highly attenuated in the ELDORA observations. Therefore, only the PV generation associated with the convection is discussed FIG. 12 . Skew T-logp diagrams of four dropsondes deployed near the four segments by the NRL P-3. The upper part (above 700 hPa) of the diagrams is extended using the profile from a DOTSTAR dropsonde.
FIG. 13. Virtual temperature perturbation (contour) overlaid on the reflectivity (color) averaged along the subbands. Solid (black) and dashed (white) lines represent positive and negative values, respectively.
below. Because diabatic heating is not directly measured from airborne Doppler radars, the heating rate from convection is approximated by (Raymond and Jiang 1990 ):
where m 5 rw is the vertical flux of mass per unit area, and w is the vertical velocity. Assuming the lapse rate of potential temperature is constant in the convection region, the vertical gradient of VMF can be used as a proxy to assess the contribution of TCR to PV distribution (Hence and Houze 2008) . 
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peak downward transfer comes from 21 m s
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. Both the averaged upward and downward VMF decrease with altitude, and the net VMF is upward throughout the vertical extent of the analysis region. The largest difference between the upward and downward VMF is near 6-km altitude. Figure 14b shows stronger upward VMF, which corresponds to the stronger updraft shown in Fig. 5b . The net VMF is also stronger and entirely upward in the analysis region, with a maximum value at 4-km altitude lower than that in CL1. Figure 14c shows reduced upward and downward VMF with a peak net value at ;7-km altitude. The averaged upward VMF (Fig. 14c 0 ) decreases rapidly below 5-km altitude. The upward VMF becomes weaker, and the downward VMF becomes stronger in CL4 (Fig. 14d) due to the weaker convection. The averaged net VMF is mainly downward below 4-km altitude, with a weak upward VMF at 4-8 km. Barnes et al. (1991) documented a mature cell in a TCR of Hurricane Raymond (1983) that achieved an upward mass flux of 1.0 3 10 8 kg s
. It is estimated that 10-15 cells of this size and intensity can accomplish an upward mass flux equivalent to an eyewall of a moderate-intensity TC. The most convectively active region in the principal rainband of Hurricane Katrina (2005) (2008)]. In the principal rainband of Typhoon Hagupit, the areal integrated upward mass flux of each segment is 9.8, 10.0, 6.1, and 5.5 3 10 8 kg s
, respectively. Considering the ubiquity and persistent nature of the subbands, they may have contributed significantly to the PV generation in Hagupit as it intensified from category 2 to category 3 during and after the aircraft mission. How exactly the PV generated by the subbands is related to the overall TC intensity change, however, cannot be explored in this dataset.
b. Advection of absolute angular momentum
The axisymmetric distribution of AAM in a TC typically increases with radial distance (Krishnamurti et al. 2005) . Flow particles originated from outer radii carry higher AAM, which is either increased or decreased by various processes before they arrive at the eyewall. The intensity of a TC is collectively determined by the AAM of numerous such particles (Krishnamurti et al. 2005) . In a cylindrical coordinate centered at a TC, the AAM can be expressed as
where y t is the tangential wind, f is the Coriolis force, and r is the radial distance to the TC center. The possible impact of the subbands can be assessed by investigating how AAM is modified in the subbands. The local change of AAM can be written as
The four terms on the right-hand side of (6) are the horizontal and vertical advections of AAM, pressure, and friction torque. Previous studies (Pfeffer and Challa 1981; Molinari and Vollaro 1989) have shown that the upper-level AAM flux has an impact on TC intensity change. Recently, Martin and Krishnamurti (2011) showed that the midlevel horizontal advection of AAM is closely related to the intensity and strength changes of TCs. The intensifying TCs have larger horizontal advection of AAM located between 800 and 400 hPa and at radii outside 100 km. The location of the AAM advection suggests that it is likely associated with TCRs. For the convenience of discussion, the horizontal advection term is further divided into two terms:
where y r is the radial wind speed. The terms on the righthand side of (7) are the tangential and radial advection of AAM, respectively. Figure 15 shows the along-band averaged radial advection of AAM for the four convective segments. There is a region of positive AAM advection at the midlevels on the inner side of the reflectivity core. The strength of this positive AAM advection is stronger in CL1 and CL2 and weaker in CL3 and CL4, which corresponds well with their averaged intensity of convection shown in Fig. 5 . Because AAM typically decreases with radial distance (›M/›r , 0), the positive AAM advection mainly results from the strong midlevel inflow shown in Fig. 8 . There are also regions of negative AAM advection located near the lower and upper outflow layers, which correspond to the radial outflows in Fig. 8 . The along-band averaged tangential advection of AAM for the four segments shown in Fig. 16 is generally consistent with the structure of tangential wind speed shown in Fig. 9 . The region of positive advection is found near the updraft and the midlevel inflow, and the negative advection is found near the upper levels in CL1 and CL2. The entire subband region shows positive tangential advection in CL3 and CL4. As shown by the animation from the Morphed Integrated Microwave Imagery (MIMIC; Wimmers and Velden 2007) product catalog, the principal rainband of Hagupit lasted more than 12 h. The cumulative effect of the AAM advection may have had significant impacts on the intensifying of Hagupit.
It is worth noting that although the potential vorticity redistribution and the advection of AAM in the subbands both show positive impacts to the vortex, other negative impacts of convective structures in TCRs that are not discussed in this study are also possible. As mentioned in the analysis of Fig. 5 , the strong low-level outflow in the subbands may act as a barrier and reduce the amount of heat and moisture available to the eyewall. The interaction between the inertial-gravity wave and the mean vortex may apply a ''Reynolds torque'' to slow down the mean flow (Willoughby 1977) . The negative radial advection of AAM in Fig. 15 may also reduce the AAM of air parcels flowing to the eyewall and, consequently, reduce the vortex intensity.
Summary and discussion
This study examines the structure, origin, and dynamic impact of the subband structure in the principal rainband of Typhoon Hagupit. The principal rainband is evident as a solitary and continuous convective region in the microwave satellite image, while the airborne radar reflectivity field and visible satellite images identified multiple quasi-linear subbands in the same region. The length and width of the subbands are smaller than those of the principal rainband shown by the microwave satellite image. The subbands are composed of active convection and trailing stratiform precipitation similar to the midlatitude squall lines. The updraft and reflectivity cores in the subbands are upright and elevated. The updrafts are mainly fed by the low-level outflow on the inner side of the convection and a weaker inflow on the outer side in some segments. The tangential wind speed shows a midlevel jet on the inner side of the reflectivity core that is likely accelerated by the heating of stratiform precipitation and a low-level jet that is attributed to the heating of convective precipitation. The secondary circulation in the radial cross sections shows characteristic flow patterns that are similar to those of TS squall lines in the middle latitudes.
The storm-scale convergence field and vertical wind shear are both favorable for the development of convection in the region of the subbands, but their horizontal scales are too large to explain the origin of the subbands. A wave analysis suggests that an inertialgravity wave is supported by the vortex and is a possible mechanism to explain the origin of the subbands. Four dropsondes deployed outside the subbands show that the local environment is characterized by little CIN, significant CAPE, and local VWS. These environmental factors are common ingredients for the development of TS squall lines, which is consistent with the squall-linelike structure of the subbands. The retrieved virtual cloud temperature further shows persistent negative perturbation at the lower levels, in the same region as the stratiform precipitation. The equivalent VWS estimated from the cold pool is close to that observed near the subbands. The quasi-balance state and the structural similarities to the TS squall lines suggest that the cold pool dynamics is likely the dominant factor controlling the structures of the subbands. The intense and persistent nature of Hagupit's subbands suggests they may have had large impacts on the intensity change of Typhoon Hagupit. The possible impacts of the subbands are investigated in terms of PV generation and AAM budget. The PV generation is qualitatively assessed using the vertical gradient of VMF in convective regions as a proxy. The subbands observed at different times show different profiles of VMF consistent with their convective structures. The overall effect of these subbands accumulates PV at the lower levels, with a peak between 4-and 6-km altitude. The magnitude of the updraft VMF in the subbands is significant, compared with those in previous studies. The analysis of AAM reveals significant positive horizontal advection of AAM at the midlevels, which is closely related to the midlevel inflow of the secondary circulation in the subbands. Such positive advection may act to intensify the storm, according to previous numerical studies. This study shows that the possible impacts of the subbands to the vortex are determined by specific structural characteristics (e.g., the vertical velocity profile and the midlevel inflow), and the relevant structures of the subbands are probably modulated by the local environment. It is worth pointing out that previously documented principal rainbands exist in storms at different stages of their life cycles. The local environment for the principal rainband could be very different in terms of dynamic and thermodynamic conditions. Consequently, principal rainbands found at different stages of TCs' life cycles or in different TCs may show different structures and play different roles in TC intensity changes. Because of the limitation of the observations and the complexity of the convective-scale structures, convective-permitting numerical studies are necessary to further understand the structural characteristics and dynamic impacts of the subbands as well as the principal rainband in general.
